Cronobacter spp. (formerly Enterobacter sakazakii) and Salmonella spp. are increasingly implicated internationally as important microbiological contaminants in low-moisture food products, including powdered infant formula. Estimates indicate that 40 to 80% of infants infected with Cronobacter sakazakii and/or Salmonella in the United States may not survive the illness. A systematic approach, combining literature-based data mining, comparative genome analysis, and the direct sequencing of PCR products of specific biomarker genes, was used to construct an initial collection of genes to be targeted. These targeted genes, particularly genes encoding virulence factors and genes responsible for unique phenotypes, have the potential to function as biomarker genes for the identification and differentiation of Cronobacter spp. and Salmonella from other food-borne pathogens in low-moisture food products. In this paper, a total of 58 unique Salmonella gene clusters and 126 unique potential Cronobacter biomarkers and putative virulence factors were identified. A chitinase gene, a well-studied virulence factor in fungi, plants, and bacteria, was used to confirm this approach. We found that the chitinase gene has very low sequence variability and/or polymorphism among Cronobacter, Citrobacter, and Salmonella, while differing significantly in other food-borne pathogens, either by sequence blasting or experimental testing, including PCR amplification and direct sequencing. This computational analysis for Cronobacter and Salmonella biomarker identification and the preliminary laboratory studies are only a starting point; thus, PCR and array-based biomarker verification studies of these and other food-borne pathogens are currently being conducted.
Cronobacter spp. and Salmonella spp. are recognized as food-borne pathogens that cause serious human illness, and in infants, these pathogens are considered to be of great health concern (3, 6). In addition to Salmonella, Cronobacter spp. have been isolated not only from low-moisture food products such as powdered infant milk but also from fresh lettuce, frozen shellfish, ready-to-eat meat, and fermented and cooked food products (5, 17) . In 2008, Enterobacter sakazakii was reclassified into the new genus Cronobacter (23, 24) . Within the genus Cronobacter, there are five species: C. sakazakii, C. malonaticus, C. turicensis, C. muytjensii, and C. dublinensis. Further, three subspecies currently exist within the species C. dublinensis, including dublinensis, lausannensis, and lactaridi. A wide variety of other bacteria and pathogens, including Pantoea agglomerans, Enterobacter cloacae, Staphylococcus aureus, Hafnia alvei, Citrobacter, Klebsiella pneumoniae, Klebsiella oxytoca, Escherichia vulneris (2, 4) , and Listeria monocytogenes (42) , have also been found in powdered infant formula (PIF) and other low-moisture products (1-4, 7-9, 13, 26) , as well as in foods of animal origin (28, 32) .
In recent years, the use of molecular methods, such as mul-tiplex PCR (27) , real-time PCR (21, 35) , DNA microarrays (7, 34) , automated ribotyping (33) , amplified fragment length polymorphisms (AFLP) (18) , full-length 16S rRNA gene sequencing (11, 12) , and immunoassays (20, 44) , for the detection and identification of the aforementioned pathogens has been intensively researched. The majority of these methods are heavily dependent on species-specific biomarker genes. One such gene is gluA (␣-1,4-glucosidase), which was identified as a biomarker gene in Cronobacter spp. and was not found in any other Enterobacter spp. (22, 39) . Additionally, DNase (14) , arginine dihydrolase (22) , 16S-23S rRNA genes, internal transcribed spacer (ITS) regions (34) , outer membrane protein A (ompA) (37, 45) , ornithine decarboxylase (14) , recN, thdF, and rpoA have been utilized as species-specific biomarkers via multilocus sequence analysis (30) . During the past 2 decades, over 1,000 microbial genomes, including 1 genome from Cronobacter spp. (29) and 31 genomes from Salmonella strains, have been sequenced completely, and over 1,500 microbial genome sequences are in the process of being completed (http://www.ncbi.nlm.nih.gov/genomes/lproks .cgi?viewϭ1). Genome sequence data have shown that bacterial DNA is highly dynamic, and the process of bacterial genome evolution demonstrates substantial differences, even within strains of the same genus. The size of the chromosome may also vary among strains from clinical isolates of Cronobacter (36) , Salmonella, and other pathogens. Therefore, finding clinically useful biomarkers that can be used to specifically distin-guish Cronobacter spp. and Salmonella spp. from the other food-borne pathogens in mixed bacterial populations is very challenging. A major obstacle for the development of genetic-based detection methods for specific pathogens is the identification of suitable target sequences. Additionally, many methods for detection and isolation of these pathogens in foods are labor intensive and time-consuming. Therefore, the aim of this study was to systematically collect and verify potential genetic biomarker genes through literature-based data mining, comparative genomic comparisons, and verification of specific selected biomarkers to enable the detection and differentiation of Cronobacter and Salmonella spp. from other food-borne pathogens in a direct, single-step, rapid PCR-based method for potential application to food samples and clinical specimens.
MATERIALS AND METHODS

Bacterial strains, DNA isolation, and target gene amplification. Seventeen
Cronobacter strains were obtained from Larry Beuchat (University of Georgia, Center for Food Safety, Griffin, GA) and Dong-Hyun Kang (Washington State University, School of Food Science, Pullman, WA). All of these strains are potentially pathogenic and were isolated from a wide range of food samples and environmental and clinical sources. Strains were grown overnight in Luria-Bertani broth at 37°C, and genomic DNA was isolated using the Qiagen DNeasy kit following the manufacturer's recommendations. The degenerate primer set for chitinase and a nondegenerate primer set for the ompA gene, listed in Table 1 , were novelly designed so as to amplify unique bands under standard PCR amplification conditions. PCR amplification was performed in a total volume of 50 l, containing 5 l of 10ϫ reaction buffer, 1 l of deoxynucleoside triphosphates (dNTPs), 5 l of each of the primers (10 M), 1 l of template DNA (50 to 100 ng/l), 0.25 l of Taq DNA polymerase (5 U/l), and 32.75 l of PCR water to make up the final volume. The amplification was performed using an iCycler thermocycler (Bio-Rad, Hercules, CA). The PCR conditions used were 95°C for 2 min, followed by 30 cycles of 95°C for 10 s, 55°C for 30 s, 72°C for 2 min, and a final extension for 10 min at 72°C. A portion of these amplified PCR products were verified by agarose gel electrophoresis ( Fig. 1) .
DNA sequencing and phylogenetic analysis. In order to explore the evolutionary relationship obtained from an analysis of DNA polymorphisms of the chitinase gene among the tested strains of Cronobacter spp., Salmonella spp., and the other food-borne pathogens, the PCR products of the chitinase gene from various E. sakazakii strains were purified using QIAquick PCR purification columns and sequenced using the BigDye Terminator v3.1 cycle sequencing kit and a 3730 DNA analyzer (Applied Biosystems, Foster City, CA). Sequencher, version 4.9 (Gene Codes, Ann Arbor, MI), was used to trim, combine, and assemble the sequence data to form contiguous stretches. Phylogenetic trees were generated by comparing the nucleotide sequences using ClustalW (43) , Phylip (http://evolution.genetics.washington.edu/phylip/general.html), and tree viewer software.
Extraction of unique genes and consensus genes of each genome. Representative strains (110 in total) of the 15 pathogens listed in Table 2 , which are most commonly reported as the cause of food-borne illnesses from low-moisture foods such as dry milk, fruits, peanut butter, cheeses, and chocolate, were analyzed. The complete gene sequence of each bacterial genome was subjected to the BLAST search engine (using default parameters) and compared against each of the sequences of the remaining 14 genomes. If the sequence length (i.e., the total number of bases) of gene A was l and the total number of sequence identities (i.e., the number of identical bases) of gene A with gene B was n, then the identity ratio (similarity) between gene A and gene B was defined as n/l. The identity ratio measures the percentage of similarity between a target gene sequence and a query gene sequence. If the identity ratio between gene A in the query genome and a gene in 1 of 14 subject genomes was greater than or equal to a user-defined threshold, t, then gene A was said to have a hit in the subject genomes. For each query genome, genes that did not have any hits in the other 14 genomes were collected, and these genes were designated unique genes in the query genome. Various t values from 0.5 to 0.05, with a step size of 0.05, were tested, and results were manually analyzed. Manual verification of these computationally generated data showed that a t value between 0.05 and 0.1 would provide the best reasonable data representation. A threshold t value of 0.05 was chosen because it generated a reasonable amount of unique genes. The number of unique genes is shown in Table 2 , third column. If gene A in the query genome had hits (various t values from 0.1 to 0.5 were tested, and a t value of 0.1 was chosen) in each of the remaining 14 genomes, then gene A was called a consensus gene. The number of consensus genes in each genome is shown in Table 2 , fourth column. To find the unique genes that existed only in Cronobacter spp. and/or Salmonella spp. but not in the other 13 bacterial species, we performed BLAST search analyses of these two genomes against the other 13 genomes. The same threshold (t ϭ 0.05) was used for the genome comparisons, and a subset of the genes unique to Cronobacter spp. and Salmonella spp. is listed in Table 3 .
Literature-based data mining and comparative analysis of unique gene clusters, putative virulence factors, and biomarker genes. Every unique gene cluster, putative virulence factor, and biomarker gene that we identified, shown in Tables 4 and 5, were based on scientific publications or protein sequence similarity searches (BLASTp) against the GenBank nonredundant protein database or were found by relying on keyword-based analysis of text-mined data from publically available databases such as NCBI (http://www.ncbi.nlm.nih.gov/gene) and ENA (http://www.ebi.ac.uk/ena/). The stand-alone BLAST program was downloaded from NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMDϭWeb&PAGE _TYPEϭBlastDocs&DOC_TYPEϭDownload).
RESULTS
Analysis of genetic similarities. The complete gene data set of the C. sakazakii (CP000783) genome was used to make a gene-by-gene comparison with the representative strains from 13 other bacterial genera. Salmonella enterica serovar Enteritidis (CP001127), Enterobacter cloacae (CP001918), Citrobacter koseri (CP000822), Enterobacter sp. strain 638 (CP000653), Klebsiella pneumoniae (CP000964), Shigella boydii (CP000036), Escherichia coli O157:H7 (AE005174), Pantoea ananatis (CP001875), Yersinia pestis (CP000901), Listeria monocytogenes (AL591824), Bacillus cereus 03BB102 (CP001407), Staphylococcus aureus (CP001844), Clostridium difficile (AM180355), and Campylobacter jejuni (AL111168) were the representative strains used for comparing food-borne pathogens that may be isolated from PIF and other low-moisture food products. The number of genes, the number of unique genes, the total number of consensus genes, the percent GC content, and the size of the genomes (in no. of bp) of the different bacteria are presented in Table 2 . We categorized these pathogens into different groups based on the number of unique genes, the GC content obtained from a genome-wide comparative analysis (Table 2) , and the phylogenetic analysis of the ompA gene shown in Fig. 2B . The evolutionary implication of phylogenetic analyses of the chitinase and ompA genes is shown in Fig. 2 . Among these genomes are the following groups: group 1, C. sakazakii, Salmonella, Citrobacter, E. cloacae, Enterobacter, Shigella, and E. coli O157:H7; group 2 (no chitinase gene), Pantoea, Klebsiella, and Yersinia; and group 3 (not shown in Fig. 2 due to no significant sequence similarity to ompA and chitinase genes in this group), Listeria, B. cereus, Staphylococcus, C. difficile, and Campylobacter. All pathogens in groups 1 and 2 have 50% or higher GC contents and similar genome sizes, except for Y. pestis, which has a 47% GC content.
Identification of unique gene clusters, putative virulence factors, and biomarker genes of Cronobacter spp., Salmonella spp., and the other food-borne pathogens. The number of unique genes was 268 in C. sakazakii and 401 in Salmonella. Some of these unique genes in C. sakazakii are clustered and are listed as hypothetical genes, with the original annotation provided in GenBank format. Table 3 lists 58 unique clusters of genes, including 8 plasmid-borne genes whose protein products are involved in bacterial pathogenesis and/or have functions or form structures that are important to Salmonella. Likewise, Table 3 also lists 15 unique gene clusters (each gene cluster has a minimum of 3 genes) from Cronobacter spp. whose protein products are also hypothesized to have important functional or structure roles or are involved in pathogenesis. These gene clusters could be used to design a series of unique primers for PCR assays potentially useful for the detection and identification of Cronobacter and Salmonella strains. As an example, there are unique multicopy plasmidborne genes or clusters listed in Table 3 , including estP, a putative esterase or pesticide-degrading enzyme (10) that may exist only in Salmonella. Therefore, these genes have potential application in designing a rapid and sensitive diagnostic test to distinguish Salmonella spp. from related organisms due to the genes' high copy numbers and unique nature; however, comprehensive studies to determine the universal presence of biomarkers, including those that are plasmid encoded in a broad array of Salmonella isolates, would need to be conducted. Table 4 lists potential biomarkers identified based on scientific publications and protein sequence similarity searches (BLASTp) against the GenBank nonredundant protein database or by relying on keyword-based analysis of text-mined data from publically available databases such as NCBI (http://www.ncbi .nlm.nih.gov/gene) and ENA (http://www.ebi.ac.uk/ena/). In Table 5 , the protein homology using the stand-alone BLAST program downloaded from NCBI (http://blast.ncbi.nlm.nih .gov/Blast.cgi?CMDϭWeb&PAGE_TYPEϭBlastDocs&DOC _TYPEϭDownload) is shown for putative virulence factors and unique biomarker gene discovery. Any protein having an identity of 80% or greater and greater than or equal to 70% query coverage by using the BLASTp program of the BLAST package was considered to have similarity.
Cronobacter yellow pigment gene cluster. E. sakazakii (now C. sakazakii) was designated a distinct species in 1980 by Farmer et al. (14) and was named in honor of the Japanese bacterial taxonomist/microbiologist Riichi Sakazaki (1920 to 2002), who discovered a distinct yellow-pigmented variant of E. cloacae; however, today non-pigment-producing strains are known to exist within the genus Cronobacter. In the present study, genes responsible for the production of the yellow pigment were used as one of the three targets for the identification of C. sakazakii. The crt operon in C. sakazakii, which contributes to the formation of the yellow pigment (25) , was not found in other bacteria shown in Table 4 , except for P. ananatis, a plant pathogen, which also produces a yellow pigment. The carotenoid pigment biosynthesis enzymes are encoded by multiple genes within the crt operon. There are 7 genes in this operon, including beta-carotene hydroxylase (crtZ), phytoene synthase (crtB), phytoene dehydrogenase , their DNA sequences are very similar, with only a few nucleotide polymorphisms scattered over the entire 7.6-kb region sequenced; however, there are two significant sequence variabilities in the crtZ gene region. Although the genomic method for the identification of all Cronobacter spp. based on yellow pigment genes as the sole biomarker for clinical diagnosis and early detection could be hampered by these restrictions, since there is limited sequence information to determine if these nonpigmented strains are due to a mutated gene(s), the implication of a consensus sequence in this operon in the genus Cronobacter demonstrates that there is an excellent opportunity to design universal biomarker gene targets for the identification and detection of Cronobacter spp. if also combined with the other suitable biomarkers for identifying nonpigmented Cronobacter strains.
Cronobacter O-antigen gene cluster. Another potential strainor serogroup-specific gene cluster, the O-antigen gene cluster, was investigated to determine its suitability as a biomarker (15, 16, 38, 41) . The O-antigen gene cluster contains genes with distinctly different functions, including genes involved in the processing and assembly of the O antigen. The genes that encode the O antigen flippase (wzx) and the O antigen polymerase (wzy) are extensively used as biomarker genes for Salmonella and E. coli serotyping (15, 16) and may be suitable biomarkers for Cronobacter spp. as well (Table 4 ). Both the wzx and wzy genes show limited homology to the same genes in other food-borne pathogens, as confirmed by computational comparative analysis among genomes, making them ideal identification targets for our purposes. It is not clear, however, how much genetic variability of the wzx and wzy genes exists within Cronobacter spp., Salmonella spp., and the other food-borne pathogens due to the limited availability of genomic sequences in the public databases. As shown in Table 4 , the wzx gene may not be a suitable biomarker due to significant genetic similarity among Cronobacter spp., Salmonella spp., and E. coli; however, the wzy gene may be suitable.
Cronobacter-and Salmonella-specific virulence factors. In order to more fully evaluate strain-specific biomarker genes for the differentiation of Cronobacter and Salmonella spp. from the other food-borne pathogens, a systematic approach, combining literature-based data mining (Table 4 ) and comparative genome analysis ( Table 5) , was conducted. In Tables 4 and 5 , we present an analysis of components of bacterial pathogenesis, including genes that play a role in infection, colonization, and adhesion. In this study, a total of 44 biomarker genes listed in Table 4 were collected by literature-based data mining, and the 14 genomes listed in Table 2 were compared by using the sequences of individual C. sakazakii genes as reference sequences. In Table 4 , two important virulence biomarker genes in Cronobacter spp., which are absent in all other pathogens, were analyzed. One gene that was analyzed is a putative hemolysin/hemagglutinin (ESA_02516; GenBank accession no. YP_001438597.1), while another is a putative adhesin (ESA_02084; GenBank accession no. YP_001438170.1). Another putative virulence factor, chitinase, which is of significant clinical importance, was also found to be a suitable biomarker gene for Cronobacter spp. Virulence genes listed in Table 4 , such as a gene encoding the hydrolytic enzyme extracellular metalloprotease, prt1, a secretion and transport gene, tatB, and virK, were also analyzed and compared to other pathogens, as well. For the purpose of serotyping, it is necessary to generate a group of species-and serotype-specific biomarker genes. In this study, we found a series of consensus genes (speciesspecific biomarkers), including 16S rRNA, gyrB, rpoB, recN, Table 4 , we listed only 3 (Clostridium, Campylobacter, and Listeria) out of 5 bacterial species in group 3 food-borne pathogens, due to their importance and the frequencies of their appearance in low-moisture food products.
Verification of analysis of chitinase and ompA genes as potential biomarkers. As stated above, to verify these virulence factors and unique genes as potential biomarkers (Tables 3 to  5) , we amplified and sequenced the PCR products generated from the targeted genes. For this process, we chose two target genes with good potential as biomarkers. One is the chitinase gene, which was identified by the comprehensive sequence comparisons, and the other is the ompA gene, identified by literature-based data mining. Chitinase is a putative virulence factor, and there are various chitinase enzymes present in many organisms, including bacteria. The sequence divergence of the chitinase gene has been used to identify and characterize stage-specific and/or organism-specific genes in several species (9, 31, 40) . OmpA is the outer membrane protein A, previously shown to play a role in the invasion of various mammalian host cells. The length of the chitinase gene is ca. 2.2 kb. The primers ( Table 1 ) used for the amplification of the chitinase gene are based on the consensus sequences identified in Salmonella and C. sakazakii through sequence alignments (data not shown). We found that the chitinase gene was present in all 17 tested Cronobacter strains, which originated from three different sources (i.e., environmental, food, and clinical origins). This primer set also amplified the chitinase gene from Salmonella enterica (data not shown). The primers targeting the ompA gene yielded a 469-bp fragment. However, the ompA gene was found only in 11 out of 17 Cronobacter strains tested ( Table 6 ) and in 10 out of 15 genomes listed in Table 2 . Some of these PCR results are shown in Fig. 1 . Partial sequences of the chitinase gene in Cronobacter spp. from various strains and the ompA gene sequences of Cronobacter spp. were analyzed via construction of phylogenetic trees. C. sakazakii was demonstrated to be close to Salmonella, Citrobacter, and Cronobacter turicensis with regard to sequence similarity of the chitinase gene ( Fig. 2A) . The phylogenetic analysis of the ompA gene ( Fig. 2B) was consistent with the genome-level comparison shown in Table 2 . Among the food-borne pathogens tested and shown in Table 2 , only Salmonella, Citrobacter, and Cronobacter spp. have similar chitinase or chitinase-like genes, as determined by computational blasting and experimental detection of PCR products; however, the chitinase gene is also present in other bacterial pathogens ( Fig. 2A) , such as Vibrio coralliilyticus, Yersinia bercovieri ATCC 43970, and others.
DISCUSSION
The discovery of reliable candidate biomarkers for accurate, rapid, and sensitive detection of Cronobacter and Salmonella spp. in complex food matrices and clinical samples remains difficult. This is likely due to several reasons. First, sequence availability detailing genetic differences among food-borne pathogens is very limited. As an example, information as to DNA sequence divergence between Salmonella and E. coli with respect to their O-antigen gene clusters, a common genus-and strain-specific biomarker for differentiation, is incomplete (Table 4). Second, the lack of a comprehensive understanding of phenotypic differences among food-borne pathogens and the absence of particular traditional phenotypic markers may lead to a false-positive diagnosis, as may occur with the absence of the yellow pigment in some strains of Cronobacter spp. (Table  4 ). Third, the ability to define a set of biomarkers with a role in bacterial pathogenesis or bacterial metabolism that also function as genus-specific markers will provide a more complete and novel picture of the biological activity of food-borne pathogens of interest rather than relying on a single biomarker for identification.
In order to identify potential biomarkers for distinguishing Cronobacter, Salmonella, and the other food-borne pathogens and for developing sensitive and accurate DNA-based detection and identification methods, we investigated a number of candidate biomarker genes. These included genes involved in yellow pigment formation in C. sakazakii (metabolites), the O-antigen cluster genes wzx and wzy, unique genes, and virulence factors common to major food-borne pathogens. The data shown in Tables 3, 4, and 5 in this report are consistent with those shown in a prior report by Healy et al. (19) , which demonstrate that many biomarkers were genes related to cell wall/membrane biogenesis/degradation, secretion, and extracellular structures such as fimbriae and flagella. This approach for identifying these putative biomarkers was validated by amplifying and sequencing a particular chitinase gene that showed greater sequence similarity between Cronobacter and Salmonella but was absent in other major food-borne pathogens most frequently found in PIF. As presented in Results, the data obtained in this study demonstrate that chitinase could be a suitable candidate biomarker. In this research, we tested only 17 individual Cronobacter strains and 4 Salmonella strains; therefore, researchers should be cautious when selecting chitinase as the sole biomarker for detection and diagnostic purposes until more comprehensive screening for this gene in Cronobacter and Salmonella spp. is performed. The potential biomarkers listed in Tables 3, 4 , and 5 will provide a complete and solid foundation for scientists to draw reliable conclusions based on multiple biomarker genes rather than relying on an individual gene, particular data set, or single experiment. In this study, we also performed a computational analysis of unique and consensus genes of 15 major food-borne and human pathogens. In total, we identified 292 and 425 unique genes for Cronobacter and Salmonella spp., respectively, that are distinguished from similar genes in other pathogens by a threshold, t, equal to 0.05. Because of the similarity of the genome sequences, the numbers of both the unique and consensus genes suggest that Cronobacter, Salmonella, Shigella, and Enterobacter are genetically more closely related to each other than to other food-borne pathogens, which is not a surprising finding. Further, for detection and diagnostic purposes, this approach could be applied to the use of microarray or target-enrichment strategies for next-generation sequencing technologies when the choice of putative biomarkers can be categorized by functional activities and/or if the number of selected biomarker genes is not a limiting factor. Most importantly, by focusing on a limited number of candidate biomarkers presented in this paper rather than on the whole genome or single biomarkers, appropriate "first tier" and "second tier" of biomarkers are provided for researchers to analyze samples in a complex food matrix or for clinical diagnostic applications. The quantification and characterization of a set of unique biomarkers for various food-borne and human pathogens can be reasonably obtained by either real-time PCR (RT-PCR) or microarray assays, allowing for the detection and identification of important food-borne pathogens based on their genetic differences using currently available technology.
The approaches described above represents our first attempt to describe a systematic approach to identify biomarkers for various food-borne pathogens. Currently, no conventional laboratory method can definitively detect and identify all six of the newly defined species of Cronobacter spp. Recent advances in the areas of genomics and high-throughput studies, as well as the development of new technologies, are improving our understanding of the molecular mechanisms of Cronobacter and Salmonella pathogenesis and are helping to develop effective biomarker identification computational pipelines, an important step toward identifying highly pathogenic Cronobacter spp. and differentiating the other major food-borne pathogens in a timely manner. However, our computational analysis for Cronobacter and Salmonella biomarker identification and the studies described in this report are only a preliminary step toward accomplishing this goal. The fundamental laboratory research, applying PCR and array-based high throughput verification of all major food-borne pathogen biomarkers, is an ongoing project in our laboratory.
